ABSTRACT: Large area arrays of magnetic, semiconducting, and insulating nanorings were created by coupling colloidal lithography with nanoscale electrodeposition. This versatile nanoscale fabrication process allows for the independent tuning of the spacing, diameter, and width of the nanorings with typical values of 1.0 μm, 750 nm, and 100 nm, respectively, and was used to form nanorings from a host of materials: Ni, Co, bimetallic Ni/Au, CdSe, and polydopamine. These nanoring arrays have potential applications in memory storage, optical materials, and biosensing. A modified version of this nanoscale electrodeposition process was also used to create arrays of split gold nanorings. The size of the split nanoring opening was controlled by the angle of photoresist exposure during the fabrication process and could be varied from 50% down to 10% of the ring circumference. The large area (cm 2 scale) gold split nanoring array surfaces exhibited strong polarization-dependent plasmonic absorption bands for wavelengths from 1 to 5 μm. Plasmonic nanoscale split ring arrays are potentially useful as tunable dichroic materials throughout the infrared and near-infrared spectral regions.
INTRODUCTION
The unique physical properties attributed to nanoscale materials have led to a rise of nanomaterials research in recent years. For example, nanopatterned magnetic structures have been studied for applications as varied as high-density data storage to biomedical sensing. 1−4 Semiconducting nanostructures have been developed for quantum confined materials and devices. 5−7 Additionally, plasmonic nanomaterials have received much attention due to their unique optical and electronic properties as well as their potential implementation in a variety of applications including ultrasensitive biosensors, enhanced surface-sensitive spectroscopy, and optical metamaterials. 8−14 Optical metamaterials, defined as periodic structures whose features are smaller than the wavelength of light, can be used to create a variety of unique optical effects: negative refractive index materials, cloaking devices, and perfect lenses. 11, 15 The fabrication of nanoring arrays has been of particular interest in nanomaterials research. Magnetic nanorings have been proposed as an ideal candidate for use in random access memory devices due to their well-defined magnetic remnant states, which would be suitable for data storage of multiple bits for each ring. 1, 16 Also, the strong plasmonic resonance arising from gold nanorings has been used for detecting polymer film growth and for DNA biosensing. 10 In addition to nanorings, an optical metamaterial that has been the focus of much interest is arrays of split ring resonators, which have been exploited to create materials with negative permeability and negative refractive index in the near-infrared (NIR), infrared (IR), and microwave spectral regions. 17−19 Plasmonic split nanoring arrays exhibit a strongly polarization-dependent absorption spectrum and can be employed for nanophotonic biosensors and plasmonic NIR dichroic polarizing filters. 12, 20 In addition, electromagnetic hot spots in the closely related nanocrescent structures have been used in localized surface plasmon resonance based sensing and surface-enhanced spectroscopies (e.g., Raman and infrared absorption). 21−25 Composite plasmonic and magnetic nanocrescents have been employed as surface-enhanced Raman scattering substrates that are capable of being controlled by external magnetic fields.
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This recent growth in nanotechnology has necessitated the development of facile, inexpensive, and high-throughput processes for the fabrication of nanoscale periodic arrays that are made of a large number of materials. While electron beam lithography (EBL) can be used to generate such nanostructures on the scale of tens to hundreds of microns, 12, 18, 20, 27 ,28 the time and cost required to fabricate arrays over larger areas using EBL is prohibitive. Alternatively, patterned nanostructures have been fabricated using such methods as nanochannel glass replica membranes, 29, 30 colloidal lithography, 31 and evaporative selfassembly. 32 We have recently described a novel method for the fabrication of plasmonic nanoring arrays over large areas (cm 2 ) that combines colloidal lithography with lithographically patterned nanoscale electrodeposition (LPNE). 33 In this paper, we expand the use of this nanofabrication method to make large-scale arrays of nanorings and split nanorings from a wide range of materials, including magnetic materials (nickel and cobalt), semiconductors (cadmium selenide), and insulating polymers (polydopamine). Additionally, we present bimetallic (nickel/gold) and split gold nanoring arrays as examples of extending our fabrication strategy to create more complex nanostructured surfaces. The large area fabrication method described here provides a high degree of control over nanoscale features such as spacing, radii, thickness, and (in the case of split nanorings) the ring opening size.
EXPERIMENTAL SECTION
2.1. Materials. Carboxylate-coated polystyrene bead solutions (2.6% w/v, 1 μm diameter) were purchased from Polysciences (Warrington, PA). Shipley S1808 photoresist, Thinner P, and MF-319 developer were purchased from Microchem (Newton, MA). Clean Earth Chemicals 24K gold plating solution (Grobet USA, Carlstadt, NJ) was used as received. Fisher Premium glass microscope slides (1 mm thick) were used as substrates. Magnetite nanoparticles of 20 nm (20 mg/mL in citrate buffer) were purchased from nanoComposix (San Diego, CA) and diluted 1000-fold in water prior to use.
2.2. Nanoring and Split Nanoring Array Fabrication. A densely packed monolayer of polystyrene beads was formed by spin coating polystyrene beads (concentrated to 5.2% in 3:1 methanol:water) on hydrophilic oxygen plasma cleaned microscope glass slides cut to 2.5 cm × 2.5 cm pieces. Upon drying, the beads were etched in oxygen plasma (200 mTorr, 50 W, −400 VDC, South Bay Technologies, San Clemente, CA) for 5 min. A 70 nm layer of Ag (over a 1 nm Cr adhesion layer) was vapor deposited on top of the etched beads by thermal evaporation. To remove the beads, the samples were sonicated sequentially in toluene and acentone. Shipley S1808 photoresist (diluted 1:1 with Thinner P) was spin coated on the nanohole arrays (80 s, 2500 rpm) and baked for 20 min at 90°C. The photoresist was backside exposed through the nanohole array with 20 mW/cm 2 . For split nanoring arrays, the angle of exposure was controlled by mounting the samples onto triangular blocks cut to achieve the desired angles. A potentiostat (PGSTAT12, Metrohm, Riverview, FL) was used for electrodeposition. Ni, Co, CdSe, and Au were deposited by potentiostatic electrodeposition using the following plating conditions: Ni, −0.85 V for 9 min using a Ni plating solution (5 mM NiCl 2 , 5 mM boric acid, 0.1 M KCl); Co, −1.2 V for 2.5 min using a Co plating solution (0.14 M CoSO 4 and 0.65 M boric acid); CdSe, −0.64 V for 7 min using a CdSe plating solution (0.30 M CdSO 4 , 0.70 mM SeO 2 , and 0.25 M H 2 SO 4 ); Au, −0.85 V for 10 min using a commercial gold plating solution. Polydopamine was deposited by cyclic voltammetry (20 scans at a rate of 20 mV/s; vertex potentials of −0.6 and 0.66 V) in a dopamine solution (5 mM dopamine in phosphate buffer (pH 6.5)). All potentials were measured versus a Ag/ AgCl reference electrode; a Pt foil was used as the counterelectrode. After electrodeposition, the photoresist was washed off with acetone. The Ag sacrificial electrode was removed with a 5% NH 4 OH and 1% H 2 O 2 etching solution.
2.3. Sample Characterization. SEM: The samples were imaged on a FEI Magellan scanning electron microscope. XRD: Grazing incidence X-ray diffraction measurements were performed on a Rigaku SmartLab X-ray Diffractometer. FT-NIR Absorption Spectra: A Mattson RS-1 FTIR with a halogen source, CaF 2 beamsplitter, and InSb detector was used to capture NIR spectra from 2000 to 10000 cm −1 . The beam was focused to 3 mm in diameter to interrogate different areas of the sample. A bare glass slide was used as the background reference spectrum. Nanoring and split nanoring array fabrication scheme: (a) polystyrene beads self-assembled in a monolayer are etched to size in an oxygen plasma; (b) nanohole mask is formed by vapor depositing silver over the etched beads and removing the beads; (c) positive photoresist is spin coated onto the nanohole mask. For nanorings: (d) photoresist is backside exposed at normal incidence through the nanoholes; (e) holes are formed in the photoresist upon development; (f) nanorings are electrodeposited onto the exposed silver; and (g) photoresist and silver are removed to reveal nanorings. For split nanorings: (h) exposure at an angle θ leaves part of the nanohole covered by photoresist after (i) development; (j) split nanoring is electrodeposited through the holes formed in the photoresist to the exposed silver; and (k) split nanorings arrays are completed upon photoresist and silver removal.
The Journal of Physical Chemistry C 3. RESULTS AND DISCUSSION 3.1. Nanoring and Split Nanoring Array Fabrication. Our method to fabricate magnetic, semiconducting, bimetallic, and insulating nanoring arrays and plasmonic split nanoring arrays (illustrated in Figure 1 ) is an extension of our previous methodology for lithographically patterned electrodeposition of plasmonic nanoring arrays. 33 First, carboxylate-functionalized polystyrene beads dispersed in a mixture of ethanol and water are spin-cast onto an oxygen plasma treated glass substrate to form a tightly packed monolayer. The beads are then etched to the desired size in oxygen plasma (Figure 1a) . A sacrificial metal film (70 nm silver) is then formed by evaporation deposition over the etched beads, which are subsequently dissolved in toluene, yielding a nanohole array (Figure 1b) . Positive photoresist is then spin coated over the nanohole array ( Figure  1c ). For closed nanoring fabrication, exposure of the photoresist at normal incidence (Figure 1d ) results in complete opening of the nanoholes. In contrast, for split nanoring arrays, exposure at an angle θ from the surface normal (Figure 1h ) leaves part of the photoresist unexposed; thus, the holes do not completely open upon photoresist development (Figure 1i ). During the electrodeposition step (Figure 1f and 1j) , with the nanohole array acting as the working electrode, the desired material can only be deposited on the exposed metal. This process results in fully closed nanoring arrays when θ = 0° (  Figure 1g ) or split nanorings when exposed at an angle (Figure 1k ) after removal of photoresist and sacrificial metal material.
This fabrication method combination offers complete control over all size parameters of the array. As discussed previously, 33 the periodicity of individual split nanorings is determined by the initial size of the polystyrene beads; the outer diameter is controlled by the time exposed to oxygen plasma; and the nanoring thickness and inner diameter are controlled by amount of charge passed during the electrodeposition process. Finally, the nanoring opening size is determined by the exposure angle θ (θ = 0°for closed rings). The described method produces square centimeter scale arrays of nanoscale structures while avoiding relatively expensive and timeconsuming sequential fabrication processes such as EBL. In addition to size and dimensional control, we are able to form nanoring arrays from a broad range of materials available for electrodeposition.
3.2. Magnetic Nanorings and Nanomushrooms. Using our combined colloidal lithography and nanoscale electrodeposition process, we have fabricated nanoring arrays of nickel, a well-known ferromagnetic material. A top-down scanning electron microscope (SEM) image of a Ni nanoring array formed from 1 μm diameter polystyrene beads is shown in Figure 2a . In addition to simply nickel nanorings, we have formed composite magnetic and plasmonic nanorings by sequential electrodeposition of nickel and gold (step "g" in Figure 1 ). By this process, the resulting bimetallic nanorings have a core of nickel and a shell of gold; the shell does not completely envelope the nickel because the outer part of the nickel rings is not available for gold electrodeposition. We confirmed this core−shell structure by etching away exposed nickel in nitric acid; when compared to the bimetallic structure before etching (Figure 2c ), a distinct gold lip over where the nickel had been is visible (Figure 2d ). Fourier transform nearinfrared (FT-NIR) absorbance spectra of nickel and nickel/gold nanoring arrays are depicted in Figure 2b . The nickel spectrum shows a resonance at 5000 cm −1 and a weaker higher-order resonance at 9000 cm −1 . As expected, the addition of a gold shell greatly enhances the resonant response of the nanoring arrays. Interestingly, we see a strong and distinct double resonance for our bimetallic nanorings, which likely corresponds to two resonances from nickel and gold.
In addition to nickel, we have also fabricated magnetic nanostructures with cobalt. The cobalt deposition was performed by potentiostatic electrodeposition in an electrolyte containing cobalt sulfate and boric acid. 34 Successful deposition of cobalt was confirmed by XRD (Figure 3d ). While a topdown view (Figure 3a ) of the cobalt structures makes the array appear as tightly packed rings, a tilted view (Figure 3b ) on the SEM reveals mushroom-like structures. These "nanomushrooms" are a result of electrodeposition out of the photoresist hole to the top of the photoresist layer. We tested the ferromagnetism of the nanomushrooms by immersing the array into a solution of 20 nm magnetite nanoparticles. After thorough rinsing in water and ethanol, followed by drying under a nitrogen stream, the studding of the nanomushrooms by the nanoparticles was confirmed by SEM (Figure 3c ). The physical anisotropy present in these nanomushrooms is difficult to replicate using traditional nanofabrication strategies and opens the door to facile production of similar structures made with magnetic or nonmagnetic materials. 3.3. Semiconducting and Insulating Nanorings. Along with metallic nanoring arrays, we are also able to fabricate nanorings of semiconducting and insulating materials. As an example of nanoring arrays of a semiconductor material, we electrodeposited cadmium selenide by potentiostatic deposition (SEM image shown in Figure 4a ) and confirmed the structure by XRD analysis (Figure 4b ). Our fabrication method could provide a facile and high-throughput route for production of quantum rings.
Additionally, nanoring arrays of insulating materials have been fabricated using this process. We have recently reported the electrodeposition of polydopamine (PDA) thin films for patterning DNA microarray. 35 This deposition was performed by repeated cyclic voltammetry (CV) scans at a carefully controlled pH. Our nanoring fabrication strategy allows us to scale down PDA electrodeposition to the nanoscale. Figure 5a depicts SEM images of PDA nanorings at two magnifications. While we expect the thickness of these PDA rings to be around 3 nm, 35 we can see in the inset that the thickness appears to be much greater, which we attribute to the collapsing of the PDA structure upon removal of the sacrificial electrode. As expected, the cathodic and anodic currents in the cyclic voltammograms decrease with repeated cycle numbers as the surface becomes more coated with PDA and thus electrically passivated. As we have shown previously with macroscale films, these nanoscale PDA ring arrays will allow the development of nanoscale biosensing platforms.
3.4. Split Nanorings. In addition to forming nanorings of a multitude of materials, our fabrication strategy allows us to also produce split nanorings and control the ring opening size. Gold split nanoring arrays were characterized by a combination of SEM and polarized Fourier transform near-infrared (FT-NIR) spectroscopy. As shown in the SEM image in Figure 6a , this angled photoexposure process creates an array where the openings are all on the same position on the nanorings. The size of the nanoring opening can be tuned by varying the exposure angle (θ) of the photoresist, as seen in the SEM images in Figures 6b−6d . For a given exposure dosage, a smaller θ results in smaller ring openings. As seen in the SEM images, the ring opening can be controlled to be 50%, 20%, or 10% of the ring circumference by exposing at a θ of 45°, 40°, and 35°, respectively.
The NIR absorption spectra of these gold split nanoring arrays were characterized as a function of optical polarization with respect to the ring gap orientation. Transmission spectra were taken with light at normal incidence to the array surface.
In this configuration, the split ring arrays exhibit strong infrared resonances that are dependent on the polarization of the incident light. As seen in Figure 7 , two distinct resonances are apparent in the near-to mid-infrared region as the polarization of the light is varied from φ = 0°(perpendicular to the ring opening; red trace), φ = 30°(orange trace), φ = 60°(green trace), to φ = 90°(blue trace). Two bands are observed in the optical spectrum: one at 7400 cm −1 that dominates when φ = 0°and the other at 3800 cm −1 that dominates when φ = 90°. These two NIR bands are plasmonic resonances of split nanoring arrays that have been observed previously. 27,28,36−38 The openings in the nanorings break the symmetry of the ring ) that dominates when light is polarized across the ring opening (φ = 90°) is commonly referred to as the LC resonance, in which the gap in the split ring acts as a capacitor. Following this analogy, decreased capacitance from larger gaps results in higher-frequency resonances. The higher-frequency resonance in Figure 7 (at 7400 cm −1 ), which is strongest when light is polarized perpendicular to the ring opening (φ = 0°), corresponds to a plasmon mode that redshifts in response to smaller ring openings. As expected, the LC resonance becomes dampened as the polarization is rotated and less of the electric field is directed across the ring opening; this resonance disappears completely after 90°rotation.
The position of the two resonances could be controlled by varying the size of the rings and the amount of nanoring opening. Figure 8 depicts the responses to light polarization along (8a, φ = 0°) and across (8b, φ = 90°) the ring openings for the three samples imaged in Figure 6 formed with back exposure angle θ = 45°(blue trace), θ = 40°(green trace), and θ = 35°(red trace). As noted above, all conditions other than θ were the same (i.e., the only difference between the three samples was the size of the ring openings). As the nanoring openings increase with increased exposure angle θ, both the higher-and lower-frequency resonances (corresponding to the resonances for the two polarizations) appear at higher wavenumbers. The blueshift of the higher-frequency resonance with increasing ring opening in Figure 8a can be attributed to the decrease in the sides of the rings as the opening gets larger. The LC resonance (Figure 8b ) also blueshifts with larger ring openings, as expected. For our split nanorings, the position of this LC resonance could be tuned to a range greater than 2000 cm −1 by simply changing the size of the ring opening. For comparison, the peak resonance position of fully closed nanorings (fabricated under the same conditions with normal incidence exposure of the photoresist) is indicated by the dotted lines in Figure 8 . Predictably, the resonance position for fully closed rings does not change with polarization.
CONCLUSIONS
In summary, we have expanded the application of our method for fabricating densely packed and well-ordered nanoring arrays over large areas with a combination of colloidal lithography and LPNE to a variety of electrodeposited materials: magnetic (Ni and Co), semiconductor (CdSe), and insulator (PDA). Additionally, we have shown that this nanofabrication process can be modified to create unique asymmetric nanomushrooms, bimetallic core−shell nanorings, and split nanoring arrays. The plasmonic split gold nanoring arrays display polarizationdependent absorbances over a broad frequency range (8000 cm −1 ). By having complete control of the spacing, diameter, ring width, and gap size of these split ring resonators, we can tune the optical properties throughout the near-infrared and create dichroic materials in the spectral range from 1 to 5 μm. In addition to their potential use as metamaterials, plasmonic split nanoring arrays can also be used as improved refractive index based biosensor surfaces for detecting nucleic acids and proteins. 9, 20, 22, 39 In the future, split magnetic nanorings can also be created with this fabrication method; split magnetic nanorings have been used to stabilize and alter the magnetic flux closure states of magnetic nanorings with potential applications in high-density magnetic memory storage. 
